Introduction {#sec1-1}
============

Language is one of the most basic functions of human beings, which distinguishes them from animals. Loss of language following a neurosurgery could lead to a great personal and social breakdown to a patient, and a surgeon always aims to preserve these eloquent areas. Use of anatomic landmarks alone is not adequate to localize language areas because of the complexity of these areas, shift of the functional area due to presence of the lesion, and plasticity of neurological functions. Localization of these areas preoperatively by functional magnetic resonance imaging (fMRI) not only provides guidance and a road map to the surgeon during the surgery, but also at times helps predict the outcome preoperatively.\[[@ref1][@ref2][@ref3]\]

Intraoperative cortical electrical stimulation (ECM)\[[@ref1]\] is the method often used for localizing the language areas, which has obvious disadvantages of invasiveness, complexity, extended operation time, and failure to predict the risk of postoperative functional disorder. There are other ways to study language, such as magnetoencephalography (MEG)\[[@ref4]\] which is, however, not readily available. fMRI is a non-invasive, more readily available, and clinically feasible tool in clinical settings.

In this article, we discuss (1) the basic functional anatomy of language networks, which is followed by (2) paradigm planning and prerequisites to get good fMRI, (3) acquisition of fMRI data on table, (4) post-processing of the data and reporting pertaining to clinical neurosurgical cases, as well as (5) illustrations from our institute.

Functional Anatomy of Language Networks, with Paradigms Helping to Locate Themon fMRI {#sec1-2}
=====================================================================================

Brain anatomy relevant to its functions is complex, more so, when pertaining to language. In most right-handed individuals, the left cerebral hemisphere is dominant and major contributions in language are situated in inferior frontal gyrus and posterior temporal region. The inferior frontal gyrus is divided by two sulcal ramifications-anterior horizontal and anterior ascending-into three gyri, viz. pars orbitalis, pars triangularis, and pars opercularis. Broca\'s area is situated posteriorly in this region along the pars triangularis and opercularis \[[Figure 1](#F1){ref-type="fig"}\]. Wernicke\'s area is located in the posterior temporal region along the supramarginal/angular gyri with the exact location being in the posterior portion of superior temporal gyrus \[[Figure 1](#F1){ref-type="fig"}\]. Please note that the supramarginal/angular gyri are parts of parietal lobe.

![Normal anatomy. (A) Sagittal T1W image shows two sulcal ramifications (shown by red lines) in the inferior frontal gyrus-anterior horizontal (AH) and anterior ascending (AA) sulci-which divide it into three gyri, viz. pars orbitalis, pars triangularis, (PTr) and pars opercularis. (B) Lateral 3D view of brain shows usual location of Broca\'s (red circle) and Wernicke\'s areas (blue circle)](IJRI-24-37-g001){#F1}

Broca\'s area proper can be depicted by expressive language such as word generation (WG) task, with other expressive language areas within the middle and superior frontal gyri.\[[@ref2]\] Patients are generally instructed to perform covert language production tasks, as words spoken aloud would induce artifactual gross head movements. Examples of WG tasks include noun-verb generation and picture naming (discussed below). Further, it has been reported that Broca\'s area is critically involved in syntactic, semantic, and phonological processing, with some functional imaging studies showing the pars triangularis portion of Broca\'s area getting activated in semantic processing, whereas the pars opercularis gets activated relatively more in phonological processing.\[[@ref5]\] It has been found that a lesion in Broca\'s area continues to be associated with speech disturbance, whereas a lesion deep to Broca\'s area including periventricular white matter is associated with longer-lasting nonfluent aphasia.\[[@ref6]\] The contribution of right Broca\'s homolog to language includes prosody, discourse, and processing of syntactic, which have been further discussed below.\[[@ref7]\] Role of Broca\'s and right ventral premotor cortex in promoting recovery of speech in nonfluent aphasia has been suggested since 1877 by Barlow.\[[@ref8]\]

Wernicke\'s area can be mapped by tasks requiring language comprehension,\[[@ref9]\] such as semantic judgment tasks. If semantic tasks are too difficult in cognitively slow patients, listening to spoken language or reading the written language may be an alternative.\[[@ref3]\]

It is to be noted that there is interconnection of white matter tracts between Broca\'s and Wernicke\'s areas, the major bundle being arcuate fasciculus. Diffusion tensor imaging (DTI) helps delineate these white matter tracts, which should always be a protocol to be performed along with the fMRI, since the loss of function can occur due to damage to the cortex or the white matter tracts, and demonstrating both is equally important.\[[@ref3]\]

Paradigm Designing, Prerequisites, and Acquisition of fMRI Data {#sec1-3}
===============================================================

The paradigm used during the fMRI enables the person to undergo a mental process, so as to activate the language networks, such as expression (in word/verb generation), or understand grammatical arrangement of words in a sentence (syntax), or the meaning of a word/phrase (semantics), or the rhythmic aspect, stress/intonation in language (prosody), depending upon the paradigm used. Therefore, patient cooperation and understanding is of utmost importance.

Patient preparation {#sec2-1}
-------------------

A preliminary patient assessment, including evaluation of the intelligence level, is of prime importance. This is done by a trained neuropsychologist, in our institute, for all pediatric patients and difficult adult cases. This helps in creating or selecting paradigms and deciding the duration of paradigm, which is important in designing paradigms so as to get robust blood oxygen level dependent (BOLD) activity. Once the paradigms are decided upon, an imitation of the entire fMRI study is ideally done in a "simulation room." Care should be taken to see that simulation paradigms are different from the final paradigms in the scanner to avoid priming, which would result in reduced BOLD activity. Head motion is a big detriment to get good fMRI data, and clear instructions for the same including adequate precautions to be taken when placing the coil during the actual MRI are a basic prerequisite. Ideally, the head motion should be less than 1 voxel of movement in any direction during a run,\[[@ref10]\] exceeding which correction algorithms are applied, and if it fails, the data are rejected. In Dynasuite Neuro workstation (*In vivo* Corporation, Gainesville, USA), which we use in our institute for post-processing, the system gives a warning when motions are more than 3 mm or 3 degree, and will stop processing if the motions are more than 10 mm or 10 degree.

When a visual task is being used, patient\'s visual acuity should be checked and special MR-compatible spectacles with relevant numbers should be available to be used at the time of actual scanning. Since BOLD sensitivity is directly proportional to the magnetic field strength,\[[@ref11]\] all fMRI studies should be preferably on 3T or higher strength magnet with compatible hardware and software to be able to perform the fMRI study. In our institute, all such studies are performed on Philips Ingenia 3T digital scanner (Eindhoven The Netherlands), along with EPrime with ESys *In vivo* (*In vivo* Corporation, Gainesville- USA) hardware and software for fMRI \[[Figure 2](#F2){ref-type="fig"}\]. Any such equipment may be used, which provides high-quality audio and video for accurate and easy acquisition of data, as well as enhanced patient experience.

![Hardware devices to generate and run the paradigms. (A) In this, (1) represents fiber media converter, (2) is ESys computer, and (3) is control computer. The other important components are shown in (B), which include (1) patient interface display, (2) fiber optic cable, (3) MR power supply, (4) power fiber cable, and (5) button response units](IJRI-24-37-g002){#F2}

If a detailed MRI study is already done before, then in our institute, limited T2-weighted (T2W), three-dimensional T1-weighted (3D-T1W), and diffusion-weighted imaging (DWI) sequences are obtained along with the fMRI. The detailed parameters for each of these sequences are given in [Table 1](#T1){ref-type="table"}. This is followed by fMRI, after which diffusion-weighted (DW) sequence relevant for diffusion tensor imaging (DTI) and tractography is obtained \[[Table 1](#T1){ref-type="table"}\]. Dynamic susceptibility weighted (DSC) perfusion imaging should be performed in all suspected cases of major arterial stenosis, as alteration in perfusion can lead to altered fMRI BOLD contrast.\[[@ref12]\]

###### 

Protocol and parameters

![](IJRI-24-37-g003)

The fMRI sequences in most clinical situations will be of "block design." Others such as "event-related" or "mixed designs" may also be used. A 30-s rest period with visual fixation to central + sign or \# sign, followed by a 30-s task is a basic standard block design. The rest period may have another task such as audio tone (discussed below). In our institute, each paradigm is of 4 min and has eight blocks of 30 s each with alternating rest and function blocks. A paradigm is a dynamic scan consisting of 80 dynamics, with dynamic scan time of 3 s. Each dynamic contains 48 slices, with the other parameters given in [Table 1](#T1){ref-type="table"}.

There are innumerable paradigms available in literature to evaluate language and should be judiciously used as discussed above to evaluate various components of language. Following are a few paradigms that we use in clinical cases.

Noun-verb generation: In this, a noun is projected on the screen, such as "car," and the patient has to think its verb "drive." For a patient who may not be cooperative, a series of pictures of the same words may be projected instead of the actual words and the patient is asked to think of the verb (picture-verb generation task). This task may be done with auditory presentation instead of visualWord generation: Various alphabets are projected and the patient is asked to make as many words till the next alphabet appearsComprehension task: In this, a statement followed by a question is displayed on the video screen, followed by a YES/NO response to the question, which the patient on the MR scanner responds by pressing a hand switch/button (right-hand press for YES and left-hand press for NO). For example, the statement may be "The boy kept the book on the table" with the question below it as "Did the girl keep the book on the table?" The answer for this is obviously NO, so the patient presses left-hand button. The responses to various such tasks can be actually recorded on software, which further helps in validating the dataSemantic discrimination: In this task, auditory stimuli can be used, when the patient hears single words and makes a button-press response if the item has target semantic properties (e.g. distinction between objects and animals). This can be alternated with a control tone decision task with a button press to a target sequence of tones. Another way is to ask the subject to listen to animal names and press a button if the animal is both found in one\'s own country and used by human beingsStory listening: Passive story listening during the task phase may be used for patients, especially of pediatric age group with low IQ, followed by a period of rest.

All the above paradigms should be available in all native languages, and the decision of which language is to be used for the study is based on patient\'s comfort and whether it is the primary language or secondary, which will vary the outcome if not used judiciously (as discussed below). In our institute, we have these set in English, Hindi, Gujarati, and Marathi languages, which are common to this region. Generally, at least two different paradigms should be used, and if the patients allows, then three.

Post-processing {#sec1-4}
===============

The most common standard software used is statistical parametric mapping (SPM), which requires extensive training and can be a time-consuming process when actually analyzing the data. There are various vendors who provide automated software, such as Brain Voyager and *In vivo* Dyna Suite Neuro. There are also software programs available as free downloads. In Dyna Suite Neuro, which we use in our institute, several automated steps are undertaken during processing of the fMRI data, such as correction for head motion, spatial normalization to a standard brain, spatial smoothing, and statistical techniques to separate relevant fMRI signal change from noise. While processing the data on the workstation, various quality checks are followed such as image/alignment co-registration, skull stripping, vessel segmentation (if contrast study has been performed), and fMRI quality check to look for motion correction (ideally less than 3 mm and 3°).

Discussion {#sec1-5}
==========

Neurosurgery of a lesion in an eloquent area in the brain is always challenging. The language areas provide additional difficulty of preoperative evaluation for localization and lateralization due to their complexity.\[[@ref3]\] The preoperative methods used at present to identify the language networks in the frontal lobe and temporal lobe include the intracarotidamobarbital test (Wada test) and extra operative cortical stimulation mapping (EOCSM), which are invasive, can have potential limitations, and do not lend themselves to repeated studies.\[[@ref13]\]

Language evaluation on fMRI provides two kinds of basic information, one being lateralization and the second being exact localization of the language areas. In the brain, although the two hemispheres are in continual communication with each other, differences between the left hemisphere (LH) and right hemisphere (RH) are well known and documented in several studies with functional neuroimaging.\[[@ref14]\] Various studies have clearly shown a LH dominance for language, of which left perisylvian regions in the frontal, temporal, and parietal lobes contribute to networks supporting many components of language processing, including word recognition, syntax, and semantics.\[[@ref15][@ref16]\] On the other hand, processing prosodic information associated with speech is shown to rely more on right-hemispheric mechanisms.\[[@ref17]\] This hemispheric dominance in fMRI is calculated by a measurement called the laterality index (LI) and there are several methods used and issues encountered when assessing the LI.\[[@ref18]\] Although in most clinical scenarios, the lateralization may be most obvious looking at BOLD activity itself, at times it may be required to further use statistical data for calculating LI \[[Figure 3](#F3){ref-type="fig"}\].

![Language fMRI noun-to-verb task in a healthy 28-year-old subject in his native Gujarati language shows bilateral robust Broca\'s area activity; it is difficult to state which hemisphere is dominant. Laterality index would be needed to decide hemispheric dominance](IJRI-24-37-g004){#F3}

The LI may be computed using the following classic formula:\[[@ref19]\]

![](IJRI-24-37-g005.jpg)

where Q~LH~ and Q~RH~ are representative quantities measured by fMRI for the LH and RH contributions, respectively. The factor *f* is a scaling factor that defines the range of LI values. In an older study,\[[@ref20]\] it was shown that 96% of right-handed subjects had fMRI changes lateralized to the LH, whereas 4% showed a bilateral activation pattern. In contrast, LH lateralization was seen in 76% of left-handers, bilateral activation in 14%, and RH lateralization in the remaining 10%.

An illustration of obvious right lateralization is seen in a case shown in [Figure 4](#F4){ref-type="fig"}, where the patient had intractable epilepsy due to a large gliotic lesion in the left temporoparietal region and was posted for left functional hemispherectomy. Language fMRI clearly shows a right lateralization of the Broca\'s area, suggesting right-sided dominance, which was confirmed on Wada test. In a prospective research study by Janecek *et al*.,\[[@ref21]\] the degree of rightward shift of language dominance on fMRI testing showed strong correlation with Wada/fMRI discordance, which suggested that fMRI may be more sensitive than Wada to RH language processing. In this study, 229 patients with epilepsy underwent both a standardized Wada test and a semantic decision fMRI language protocol.

![fMRI language task in a 19-year-old patient with intractable epilepsy and a large gliotic lesion in the left cerebral parenchyma (middle image) shows the Broca\'s area (white arrow) clearly lateralized to the right side; it is also depicted in the 3D image on the right. Cortico-spinal tract (yellow arrow) is seen along the medial margin of this lesion](IJRI-24-37-g006){#F4}

Certain language paradigms, if designed and performed properly, can give a great amount of useful information, such as semantic decision task (details of this paradigm have been discussed above). The contrast of the semantic decision with tone decision task has an advantage as it can isolate speech perception and semantic language processes at the same time, controlling for attention, working memory, auditory, and motor processes, which is able to produce left-lateralized language activation in frontal, temporal, and parietal areas in healthy right-handed controls.\[[@ref22][@ref23]\] Tasks such as these are known to activate numerous brain areas involved in language processing, such as inferior frontal and prefrontal cortex, superior and middle temporal regions, and in some, especially in adult subjects, activation has been depicted in medial temporal regions, angular and posterior cingulate.\[[@ref24]\]

In one study, three functional MRI paradigms were used: semantic decision/tone decision task (already discussed above), processing spoken stories, and prosody discrimination.\[[@ref23]\] Processing spoken stories task is a simple task based on a periodic 30-s on-off block design, wherein a different story can be read by a speaker, presented during each 30s on period (active), and contains, say for example, 10 sentences with simple and a variety of syntactic constructions, ideally designed by a speech-language pathologist, especially in case of children.\[[@ref25]\] Areas of activation in this group show multiple neural components and functionally connected regions, which include bilateral superior and middle temporal regions.\[[@ref23][@ref25]\]

Prosody linguistic discrimination task can be designed, say for example, identifying statements versus questions when the lexical content is the same. This task relies on bilateral frontal and temporal mechanisms.\[[@ref26]\]

Some of the simpler language tasks that can be used to identify language-processing regions in the dominant hemisphere are verb generation,\[[@ref27]\] object naming, sentence comprehension, and single-word listening or reading.\[[@ref28]\] These fMRI studies, in general, reveal a left-lateralized language network of frontal and temporal cortices (the traditional Broca'sand Wernicke\'s areas). In a study, two simple paradigms, sentence generation (SG) and word generation (WG), were used.\[[@ref29]\] The results showed good success rates in localizing and lateralizing language. This was 96% for the Broca\'s and Wernicke\'s areas with the SG paradigm, 81% for the Broca\'s area and 80% for the Wernicke\'s area with the WG paradigm, and 98% for both areas when both the SG and WG paradigms were used together incombination. These paradigms showed consistent functional localizations in the inferior frontal gyrus (Broca\'s area) and the superior temporal, supramarginal, and angular gyri (Wernicke\'s area). Localization of Wernicke\'s area is more challenging, and many a times, routine paradigms such as verbal fluency/WGare are inadequate to localize the temporal areas, in which case, other tasks such as comprehension or reading-based naming paradigm\[[@ref13]\] or comprehension tasks would be helpful.

Patient\'s primary and secondary languages are also taken into consideration while deciding the task, as it may slightly alter the output of fMRI data, although an overlap for different languages is known and is also dependent on the age of acquisition of the second language.\[[@ref30]\] This is especially true in Indian population, since most people are generally multilinguists, with knowledge of at least three different languages.

Location of the Broca\'s or Wernicke\'s area in relationship with the surgical lesion \[Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}\] can be depicted in multiple planes and also on a 3D model. Automated software allows superimposition of the BOLD activity, along with DTI, on both routine multiplanar and 3D models, all of which can be provided on a DICOM format either on a CD or transferred to neuro-navigation software in the surgical theater for direct use during the surgical procedure, where these data are extremely useful in planning and guiding surgery. Some software programs also allow superimposition of major venous channels, along with all the above data \[[Figure 6](#F6){ref-type="fig"}\], which again is of great use to the neurosurgeon. The location of BOLD activity in relation with the lesion, especially when it is along the margin or within the lesion, can pose dilemmas. In an earlier study by Yetkin *et al*., it was suggested that a distance of greater than 2 cm provides safe margin with no post-operative deficit, whereas any lesion within 1 cm of the language area has 50% chance of deficit.\[[@ref31]\] In another more recent study, it was found that language deficits increased exponentially as the distance from the tumor to the language areas decreased below 1 cm.\[[@ref32]\] Resting state fMRI is a recent development which can reveal cortical connectivity among language network regions by evaluating correlations of spontaneous BOLD signal-intensity fluctuations without any imposed task.\[[@ref33]\]

![fMRI language task in a 54-year-old patient with a large heterogeneously enhancing mass (glioblasto mamultiforme) in the left frontotemporal region shows the Broca\'s area (arrow) along the anterior margin of the lesion. Wernicke\'s area is not well depicted](IJRI-24-37-g007){#F5}

![3D reconstruction of the post-gadolinium study in the same patient as in Figure 4, along with superimposition of the BOLD activity- Broca\'s area (arrow), cortico-spinal tracts (in yellow color), and major venous sinuses (in blue). All these data can be sent in a DICOM format to a neuro-navigation workstation, which is extremely useful for planning and guidance during the surgery](IJRI-24-37-g008){#F6}

Limitations and Pitfalls {#sec1-6}
========================

There are various shortcomings of fMRI due to technical, physiologic reasons, lack of standardization, inadequate experience, etc., Success rates are, therefore, variable depending upon the above factors and documented to be about 80% in one such series.\[[@ref34]\] Apart from these, limitations especially pertaining to language fMRI are related to inadequate patient preparation, pre-procedure neuropsychological evaluation, selection of relevant paradigms, and post-processing (which include the type of software used and training for the same). Also to be noted are interpretative errors such as influence of tumors on fMRI activity and geometric distortion at air-tissue boundaries. Cortical BOLD activity can be reduced near glial tumors, both at the edge of the tumor and in normal vascular territories.\[[@ref35]\]

Conclusion {#sec1-7}
==========

Thus, fMRI provides a non-invasive reproducible tool to study language areas in neurosurgical cases involving the eloquent areas. It, however, requires good training and has its limitations, the understanding of which is important. It allows assessment of the risk of therapeutic interventions, selection of patients for intraoperative mapping, and guides brain surgery itself.
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